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AERONAUTICS

FLIGHTTESTOFA RADIAL-BURNINGSOLID-FUFJLRAMJET

By WalterA. Bartlett,Jr.,andH.RudolphDettwyler

SUMMARY

A flightinvestigationofa rocket-launchedram-jetengineincorpo-
ratinga radial-burningsolidfuelwasmade. Duringtheflightthe
modelacceleratedfroma Machnumberof1.95andanaltitudeof 4,2oofeet
toa Machnumberof2.73andanaltitudeof 14,600feetin5.5seconds.
Intheboostperiodthefuelsuccessfullywithstoodan accelerationof
25g. A maximumaccelerationof8.6gwasobtainedwiththevalueofair
specificimpulseequalto lk8seconds.Themaximumvaluesof netand
grosst-st coefficientswere0.49and0.61-.An over-allfuelspecific
impulseof 412secondswascalculatedfromthedata.Combustion-chamber
failurewasexperienced9.3secondsaftertake-offandpreventedtheram
jetfromreachinga higherl’.hchnumber.

INTRODUCTION

A solid-fuelrsmjetwouldsatisfytheneedfora medium-thrust,
medium-rangepowerplantandpossessthesimplicityandreliabilityof a
solid-fuelrocket.Theneedforsucha powerplantis“foundwhenthe
highthrustofa solid-fuelrocketisnotrequired.Althougha solid-
fuelramjetdoesnotgivethehighperformanceofa liquid-fuelram

.

jet,itshouldpossessgreaterreliabilityinthatit.doesnotemploy_ _
highlycomplexfuel-meteringdevices. “ .

Theavailablebasicdataon solidfuelsindicatedthata high-
energyfuelcouldbe obtainedwhichwouldpossessgoodperformancechar-
acteristicssuitableforapplicationtoa solid-fuelramjet. Accordingly,
thePilotless”AircraftResearchDivisionattheLangleyLaboratoryinsti-
tutedan investigationto determinetheperformanceofvarioustypesof
solid-fuelchargesinbothpreliminarygroundandflighttests.The
resultsofthegroundtests(ref.1) indicatedthatthefuelshadreached
thestagewhereflighttestingwasdeemedadvisableforfurtherevalua-
tion.
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TheresultsofthefirstNACAflighttestofa solid-fielramjet,
usinga radial-burningmagnesium-basefuel,arepresentedinthispaper.
Theflighttestwasmadeat thePilotlessAircraftRese&chStationat
WallopsIsland;Va. Otherexperienceswithflightsofa solid-fuelran._
jetby anotheragencyhavebeenreportedinreference2.,
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SYMBOLS
—

staticpressure,lb/sqin.abs

statictemperature,% abs ——

inletcapturearea,sqft —

weightofmodel,lb -—. .

timemeasuredfromtake-off,sec >- —.

combustion-chamberarea,0.231sqft

flightMachnumber .-

free-streamdynamicp?essure,lb/sqft

accelerationofgravity,32.2ft/sec2 .7

absolutelongitudinalacceleration,ft/sec2

externaldr~ coefficient,basedoncombustion-chamberarea

—

netthrustcoefficient,$

grossthrustcoefficient,CTn+ CD ,-
.

sonicairspecificimpulse,lb of jetthrust/lbofair/see

ratioof jetimpulseata~ stationtnthejetimpulseata
sonicstation .
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T~ stagnationtemperature,or% abs

3

f/a fuel-airratio,
ofair-flow

H altitude,ft

weightrateoffuelexpendituretoweightrate

lLPPARAmsm METHOIE
{

Flightmodel.-Themodel,incorporatinga Machnumber2.13design
conical-shockinletdiffuser,is shown-asa sketchanda photographin
figuresl(a)andl(b).Theinletdiffuserwasattachedto a 0.093-inch
wallInconelcoribustorshelluponwhichfourfins,eachwithanareaof
0.416squarefootweremounted.Twodiametricallyoppositecircular-arc
airfoilswitha maximumthicknessof 1/2inchanda chordof3 inches
fastenedtheinnerbodytothediffuserwall. Themodelwas67.75inches
inlengthwitha ~-inch-inside-diametercombustionchamber.

.
Thearearatioofthecombineds-upersonicandsubsonicdiffuser

was0.461,basedontheareaattheentrancelip andthecombustion-
chamberarea.Thecontractionandexpamsionarearatiosoftheexit
nozzleare0.853and0.923,whenreferencedto thecombustion-chamber
area.

Theramjetwascomprisedofa cast-magnesiuminletdiffuser,a
sheetInconelcombustor,anda stainless-steelexitnozzleandfins.
Theemptymodelweightwas59.9pounds.

.
Fuel.- Theradial-burningmagnesium-basesolid-fuelchargewaspro-

ducedby theContinentalAviationandEngineeringCorporation.A photo-
graphofthecharge.ispresentedas figure2,anda descriptionof its
manufactureispresentedinreference3. A preflighttestofa similar
typeoffuelcharge,withan 8-percentrubber-cementbinderwasreported
inreference1.

Thecompositionoftheflightchargewasas follows:-

Fuel:
Magnesium,atomized,percent. . . . . . . . . . . . . . . . ...82

Oxidizer:
Sodiumnitrate,percent. . . . . . . . . . . . . . . . . . . . . 10

Binder:
Rubbercement,percent. . . . . . . . . . . . . . . . . . . . . . 6
Stesricacid,percent”.. . . . . . . . . . . . . . . . . . . . . 2
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A preflightcheckofthisflight-tyyecharge,showedthattheperform-
ancewasessentiallythesameasthatfora chargeincorporatingan

.
8-percentallrubber-cementbinder.Thefuelchargewas-‘-inches%

insidedismeterand$-inches outsidediameterwitha l+engthof
.

21~ inches.An annular.igniterringmadeup ofbariumtitrate,‘atomized-

magnesium,andnitrocellulosecetient,wascementedtothe~upstreamendof._
thefuelcharge.Twoh~del~electric.squibsimbeddedintheblack-
powdermixonthefaceoftheigniterwerefiredforignition.The
fuel-chargeweightwas16.31pounds.Thechargewascementedintoa
0.0k7-inchwallsteellinerhavinga weightof”6.28 potis. l%isunit
wasattachedtotheramjetat theinletsection-combustorshelljunc-
ture(fig.l(a))andheldinplacewithmachinescrews.““Asteelretainer
ringwasfirmlyplace”dagainstthedownstreamendofthe-fuelchargeand
attachedto thecombustorshell. 1

Boosterrocketandadapter.-A JATO,3.5-DS-5,700rocketmotorwas
..-

usedtoacceleratetheram Jet to supersonicspeed.A castmagnesium
alloycouplingfastenedto therocketmotorandfittedinternallyinthe
ram-jetexitnozzleattachedtheboostertotheramJet(fig.3). This
couplingwasdesignedtoblockonly20pe”rcenfoftheareathroughthe
rsm-~etnozzleduringthetimeofboostincaseitwasdesired.toignite
theram-jetfuelinthisperiod.Fourfins,eachwithanareaof

l; squarefeet,weremountedattherearendoftherocketmotorand

providedstabilltyofthecombinationduringtheboostp6riod.A photo-
graphoftheramjetandcoupledboosterinplaceonthe“launcherprior~
to firingisshowninfigure4.

Measurements.-Thevelocityofthemodelinflightwasmeamred”with
a continuous-waveDopplerradar.Thepositionofthemodelin spacewas
determinedwithNACAmodifiedSCR584trackingradar.Thealtitudeof
themodelatanygiventime- obtainedfromSCR584data- ispresented_
infigure50 High-speedmanual~operatedtrackingcame;asprovided
informationonthebehaviorofthemodelinflight.

Uponcompletionoftheflighttest,a radiosondeballoonwas
releasedtoobtainthepressureandtemperatureoftheat–rnosphereasa
functionofaltitude.TheradiosondeballoonwastrackedwithSCR584
radarto obtainwindvelocityat altitude.Valuesofstaticpressuxep
andstatictemperatureT computedfromradiosondedataarepresented
infigure6 as functionsofaltitude.

flow
Thevariation
ofair- with

of inletcapturearea- usedindeterminingtheweight
free-streamMachnumberispresentedinfigure7.
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. Thesedataweredetermined
flightengine,bothby the

foran inletgeometricallysimilarto the
experimentalmethodandtheone-dimensional

flowanalysis-thatsredescribedinre$’erence4..

FLIGHTTEST

Themodel,launchedatan elevationangleof600,wasboostedto

5

.
M = 2.0, 2.85secondsaftertake-offatwhichtimeseparatio~occurred.
Ignitionof thefuelchargeoccurredafterthemodelhaddeceleratedto
M= 1.97.Theremjetcontinuedto decelerateto M = 1.95,untilthe
thrustoftheramjetovercameitsdrag.Themodelthenacceleratedto
a maximumvelocityof2960feetpersecond(M= 2.73)9.3secondsafter
take-off,atwhichtimeithadreachedan altitudeof 14,600feet.At
thistime,whichwas2 secondsbeforepredictedfuelburnout,thersm
jetperformedan abruptma~euverwithanattendantlargedeceleration.
Studyofthehigh-speedmotionpicturesindicatedthata holewasburned .
throughthecomhustorwall. Thisfailureintroduceda sideforcewhich
wouldcause themodelto describethisviolentmaneuver.

●
RESULTSANDDISCUSSION

* Thetimehistoryofram-~etflightMachn.er ispresentedinfig-
ure8. Thesedatawerecomputedfromvelocitiescorrectedforwind
speedsatvariousaltitudes.TheDopplervelocitydatawereusedin
thesecalculationsuntilthetimeof7.8seconds,whenthesighaldis-
appeared.TheSCR584velocitydatawerethenusedtothetimeof
9.3seconds,whenthemodelunderwenta violentmaneuverwithattendant
rapiddecelerationwhenthecombustorfailed.observationoffigure8
showsthata peakvalueof M = 2.73 wasobtainedatthetimeof
9.3seconds.Combustion-chsmberburn-throughwaspreviouslyexperienced
ingroundtestsofthesesolid-fuelcharges(ref.1)andalsoinflight
testsof solidfuelsreportedinreference2.”

Thelongitudinalaccelerationoftheramjetispresentedinfig-
me 9 as a functionofflighttime. Thesevalueswereobtainedby dif-
ferentiationofa velocity-timecurvewithanaddedcorrectionforthe
modelgravitationalcomponent.Ram-jetthrustdidnotexceedthedrag
until0.65secondafterignition,as shownby thenegativeacceleration
thatthemodelunderwenttothattime.Theaccelerationthensteadily
increasedto a maximumaccelerationof8.6gatthethe of6.8seconds. ..

Observationoftheflightmotionpicturesshowedthatburningpiecesof
m fuelwereejectedfromtheramjetatapproximately.5and7 seconds.It

wasobservedthatthelargerportionoffuelwasejected~tapproximately .-.
7 seconds.Thiswouldimmediatelylowerthefuel-airratiointheram*
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jet, thusreducingthethrust,andcouldaccount

—
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forthesham decrease *.
in&ccelerationa;thetimeof7 seconds.At thetimeofcomastor
failureonly4gaccelerationwasobtained.

.—
Theproblemof fuelbreak-up

wasalsoexperiencedduringtheground-test.programreportedinrefer- .
ence1. Itis significantto notethatthefuelsuccessfullywithstood
a maximum accelerationof25g- beforeignition- d~ingtheboostperiod.

The netthrustcoefficientCTn oftheram-jetengineispresented-
infigure10asa functionofMachnumber.Thenetthrustusedinthese
calculationswasobtainedfromthelongitudinalaccelerationdata —
(fig.9)
changing
fromthe
culating

a linear

free-jet

andthemassoftheramjet,withappropriate_correctionsfor
masswithfuelconsumption.Theportionsoffueldischarged

.—

modelat5 and7 secondswere-neglectedfor-thepurposeof-cal-‘--—– ~
performance.Thefuelexpenditurewasdeterminedby assuming

.
radialburningrateof~a inchpersecond,aspredictedfrom

testresultsof similarcharges(refl1). Theexternaldrag
coefficient.CDofthe.modelwasestimatedusingexistingexperimental
findraginconjunctionwiththeoreticalfrictionandpressuredragdata.

.

Thisdragcoefficientwasusedtopresentqualitativevaluesofgross
tbst coefficientCT as showninfigure10. M8,ximumvaluesof CTn

g
ti CT of0.49and0.61,respectively,wererealizedat M = 2.32.

— -..
g

F

A timehistoryoftheairspecificimpulseparameterSa delivered
by theramjetispresentedinfigure11.

6
ThevaluesQ~ Sa)atthe

sonicsectionoftheexitnozzle,wereobtainedby addingthemomentum~
oftheairenteringtheramjettothegross”tlunzst,anddividingthis

—

quantityby theweightflowofairandthethrustfunct3.on@M (ref.~):
Itshouldbe notedatthistime,thata 10-percenterrorinestimatedCD
reflectsa maximumerrorofonly1 percentin Sa forthisdata.
IncludedonthisfigurearethestagnationtemperaturesTs. A maximum
valueof Sa = 148secondsat Ts = 10-jOOF absolute W& obtainedat
t = 6.9seconds.Theoutpu;of Sa stead’ilydecreasedafterthistime
to a valueof135seconds(Ts= 1210°F abs)atthethe of9,3seconds
whencombustor-shellfailureoccurred.

Calculatedvaluesoffuel-airratiof/a at eachinstantduring–
theflightarepresentedinfigure12. Inor=ertoobtainthesevalues
of f/a itwasassumedthatthecombustionandimmil.seefficiencies.
obtainedinthisflighttestwereequalto thosepresentedinreference1.
Thisassumptionwouldallowtheapplicationof Sa
tothe Sa againstf/a correlationpresentedfor
reference1,makingthepropercorrectionfor Ta.

valuesfromfigurel-l
similarfuelsin ●

Thetotalfuel
*

—
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. expenditurewasdet&minedtobe”7.~ poundsbetweenthetimesof3.15
and9.30secondstoproducea grossimpulseof 3060pound-seconds.The
ratioofthesevaluesdemonstratesthatanover-allvalueoffuelspe-

. cificimpulseof&l.2secondswasobtainedandmaybe comparedtothatof
200secondsforsolid-propellantrocketfuelsand1050and956seconds
forthegaseous-fuelramjetsreportedinreferences6 and7.

Thefailureofthecombustorshellpreventedproperutilizationof
theremainingfuelintheramjet. Italsointroduceda sideforcewhich
causedthemodeltodescribea violentmaneuver.Thecombinationofthe
abovefactorsabruptlyterminatedtheflight.Thiscombustorfailure
paralleledthoseofthegroundtestsreportedinreference1 andof
othersolid-fuelflighttestsreportedinreference2. Reference7 indi-
catesthata 0.05-inch-thickInconelconibustor,incorporatedinan
ethylene-burningramjet,tolerateda CT = 0.89 withoutfailure.

However,the0.093-inch-thickInconelcombustorofthesolid-fuelram
jetfailedshortlyaftera CT = 0.61 wasobtained.It isapparent

%X
thatthisproblemofoverheatingmustbe eliminatedbeforethefull
potentialitiesof solid-fuelremjetsmaybe realized.

CONCLUDINGREMARKS

Theimportantresultsobtainedina free-flighttestof a rocket-
launchedramjetpoweredwitha radial-burningsolidmetallicfuelare
as follows:

1.Thefuelchargesuccessfullywithstooda maximumaccelerationof
25gduringtheboostperiod.

2.Theramjetacceleratedfroma Machnumberof1.95at4,2oofeet
altitudetoa Machnumberof 2.73at 14,600feetaltitudeinthetimeof
5.5seconds.

3. Themissileexperienceda maxinnuuaccelerationof8.6gduring
freeflight.

4.Msximumvaluesofnetandgrossthrustcoefficientsof0.49and
0.61werecalculated.

5. A maximumvalueofairspecificimpulseoflk8secondswas
obtainedata Machnunberof 2.35withthefree-streamstagnationtempera-

“ tureequalto 1050F“absolute.

6.~ over-allfuelspecific-se of
“

k~ secondswascalculated.
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7. Combustion-chaniberfailure,observedata
preventedtheramjetfromreachinga higherMach

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.
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(a) Sketchofmodel.Alldimensionsarein inches.

Figure1.-Thesolid-fuelramjet.
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(b) photographof nmdel.

Figure 1.- Concluded.
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Fig-me 2.- Front view of radial-burning solid-fiel charge showimg
igniter assembly.
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